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ABSTRACT
Current protoplanetary dust coagulation theory does not predict dry silicate planetesimals, in tension with the
Earth. While remedies to this predicament have been proposed, they have generally failed numerical studies,
or are in tension with the Earth’s (low, volatility dependent) volatile and moderately volatile elemental abun-
dances. Expanding on the work of Boley et al. (2014), we examine the implications of molten grain collisions
and find that they may provide a solution to the dry silicate planetesimal problem. Further, the source of the
heating, be it the hot inner disk or an FU Orionis scale accretion event, would dictate the location of the re-
sulting planetesimals, potentially controlling subsequent planetary system architectures. We hypothesize that
systems which did undergo FU Orionis scale accretion events host planetary systems similar to our own, while
ones that did not instead host very close in, tightly packed planets such as seen by Kepler.
Keywords: solid state: refractory – astrochemistry – protoplanetary discs – planets and satellites: formation –
planetary systems
1. INTRODUCTION
One of the more significant difficulties facing modern dust
coagulation theory is that it seems to prohibit the straightfor-
ward formation of dry (water poor) planetesimals or planets.
That is, distinctly, in contradiction with clear observational
evidence both from within our Solar System and from extra-
solar planetary systems (Marty & Yokochi 2006; Klein et al.
2011). The fundamental problem is that rocky material is
not particularly sticky. As a consequence, the dust coagula-
tion phase for non-icy grains in protoplanetary disks is pre-
dicted to end long before the grains grow large enough to per-
mit the formation of planetesimals. While ice-rimmed grains
are much stickier, potentially allowing for the formation of
wet planetesimals (Birnstiel et al. 2016), it is not clear how to
make a dry planet from wet planetesimals.
Several potential ways around this difficulty have been
proposed. We could be dramatically underestimating
the effective stickiness of silicates (Kimura et al. 2015;
Arakawa & Nakamoto 2016). Similarly, dust grains could ac-
quire sticky organic coatings (Hill & Nuth 2000; Flynn et al.
2013), increasing their stickiness above that of bare silicates.
Even though bouncing stalls growth, the Solar Nebula con-
tained vast numbers of grains, some of which would have
been astoundingly lucky in their collisions (Windmark et al.
2012). Such lucky grains could potentially grow large enough
to begin sweeping up small scale material, growing straight to
planetesimal sizes. Even if silicate growth is indeed prohib-
ited, wet planetesimals formed outside the frost line could be
scattered inwards, subsequently accreting local dry dust. If
that dry accretion proved sufficient to overwhelm their wet
cores, those planetesimals could go on to form dry planets.
In this paper we examine the possibility that high tempera-
tures, which can dramatically increase the stickiness of the
dust, leads to dry planetesimal formation, as suggested by
Boley et al. (2014). As we will show, this route to dry plan-
etesimal formation has interesting consequences for plane-
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tary system architectures, and offers an “in situ” model for
Mars’ small size wherein planetesimal formation naturally
ceases to operate efficiently significantly outside of Earth’s
orbit (Chambers 2014). Taking this line further, it also sug-
gests that there might be two dominant initial planetary sys-
tem architectures, one of which looks like our own, and the
other more like systems with tightly spaced inner planets (or
STIPs, Lissauer et al. 2011; Boley et al. 2014).
2. STATEMENT OF THE DIFFICULTY
The challenge bouncing poses to the formation of rocky
planetesimals has been known since its introduction to dust
coagulation theory (Zsom et al. 2010). In a recent epic en-
deavor Estrada et al. (2016) verified that the problem persists
even taking into account lucky grains (Windmark et al. 2012;
Garaud et al. 2013). In this section we quickly sketch how
large modifications to our understanding would be required to
allow dry silicates to form planetesimals.
2.1. Stokes numbers
The dynamics of dust grains in a protoplanetary disk are
controlled by their aerodynamical drag:
∂tv = −v − u
τ
, (1)
where v is the dust grain’s velocity, u the gas velocity at the
dust grain’s location, and τ the drag based stopping time. It is
conventional to non-dimensionalize τ through the local Kep-
lerian orbital frequencyΩK to define a Stokes number:
St ≡ τΩK . (2)
In regions associated with the formation of the Earth, the dust
grains we will consider are small enough to be in the Epstein
drag regime, with midplane Stokes numbers
St0 =
πaρ•
2Σg
, (3)
where a and ρ• are the dust grain radius and solid density, and
Σg the disk’s gas surface density.
2For the inner disk we will also consider solids larger than
the gas mean-free-path, in the Stokes drag regime, which de-
pends on the gas mean molecular mass rather than the gas
density. Such grains have Stokes numbers
St0 =
2
9
ρ•a
2
mg
σg
H
, (4)
where mg ≃ 2.3 amu and σg ≃ 2 × 10−15
(Chapman & Cowling 1970) are the gas mean molecular mass
and molecular collisional cross-section, respectively. Further,
vth = 〈v〉 =
√
8kBT
πmg
(5)
is the local gas thermal speed and
H =
√
π
8
vth
ΩK
(6)
defines the local vertically isothermal pressure scale height.
2.2. Radial drift
Due to their radial pressure gradient, disks orbit slower than
Keplerian, with a velocity deficit δv. If the pressure is a
power-law in radius with power s, δv is given by:
δv =
π
16
s
v2th
R
Ω−1K ≃ 50 m s−1. (7)
where s ≃ 13/4 for a Hayashi MMSN (Hayashi 1981). Note
that δv is independent ofR in a disk with T ∝ R−1/2. A dust
grain with St≪ 1 drifts inwards at a speed
vr ≃ 2 St δv ≃ St× 104 cm s−1, (8)
allowing us to define a drift time scale
τR =
R
vr
≃ R
2Stδv
=
1
2πs St
R2
H2
Orb, (9)
where Orb is the local orbital period. Local structures such as
pressure bumps alter δv, potentially reversing its sign, allow-
ing the trapping of particles (Dittrich et al. 2013).
2.3. Streaming Instability
The Streaming Instability (or SI) is a mechanism that pro-
duces planetesimals from the minimal constituent size, signif-
icant because dust coagulation theory does not predict large
dust grains. The trigger conditions for the SI are nonethe-
less relatively large dust grains of St2 ≡ St/0.01 ≃ 1 com-
bined with elevated local dust-to-gas mass ratios of ǫ˜ ≡
ǫ/3 × 10−2 ≃ 1 (Carrera et al. 2015). While that value is
above the expected overall value of ǫ = 5×10−3 for the Solar
Nebula inside of the frost line (Lodders 2003), there are sev-
eral ways to effectively enhance ǫ, including strong settling,
or radial pressure or temperature traps (Dittrich et al. 2013;
Hubbard 2016b).
2.4. Bouncing Barrier
Bouncing sets the upper size limit for locally coagulating
reasonably compact (non-fractal) dust grains. We assume that
the critical bouncing velocity vb is significantly below the
fragmentation velocity, allowing us to neglect the latter. Frag-
mentation velocities only modestly above the bouncing veloc-
ity would further reduce the upper size limit. The bouncing
barrier and its consequences has been explored numerically
(e.g. Zsom et al. 2010; Windmark et al. 2012; Garaud et al.
2013; Estrada et al. 2016), and found to prohibit grain growth
to SI triggering dust sizes.
FromGu¨ttler et al. (2010), the critical bouncing velocity for
porous dry silicates is
vb ≃ f × 10−1
(
m
10−4 g
)
−5/18
cm s−1,
≃ f × 3× 10−4R˜5/4St−5/6
2
cm s−1, (10)
where m is the dust grain mass, R˜ the orbital position in
a.u., and f an arbitrary scaling factor which parameterizes
the dust’s surface parameter uncertainties. While strict stick-
ing/bouncing velocity cut-offs such as Equation (10) are sim-
plifications, we can estimate the rate of sticking events as the
rate of collisions at velocities v < vb. In Equation (10), fol-
lowing Gu¨ttler et al. (2010), the grains have volume filling
factors of φ = 0.12 and monomer densities of ρ = 2 g cm−3,
slightly at odds with the canonical molten solid density we
will adopt later of ρ• = 3 g cm
−3 (Friedrich et al. 2015).
Assuming turbulent stirring, we can estimate the collision
velocity scale as (Voelk et al. 1980)
v0 ≃
√
αSt cs = 38
√
α5St2 R˜
−1/4 cm s−1. (11)
In this section, to give dust coagulation the best chance, we
assume that the disk is locally barely turbulent, approximating
an α disk with α5 ≡ α/10−5 ≃ 1, appropriate for quiescent
dead zone midplanes (Oishi & Mac Low 2009). In the limit
of vb ≪ v0 we can estimate the rate at which a given grain
collides with like grains at velocities v < vb to be (Hubbard
2016a)
S ≃
√
2πna2v0
(
vb
v0
)4
, (12)
where the number density of the grains is
n =
ǫρg
m
. (13)
Equating the drift rate vr/R from Equation (9) with the esti-
mated sticking rate S from Equation (12) gives an extremely
optimistic estimate for the maximum size dust grains can
reach before radially drifting out of our zone of interest. That
becomes
√
2πna2v0
(
vb
v0
)4
=
vr
R
, (14)
which reduces to
f ≃ 6.6× 104 × St41/24
2
α
3/8
5
ǫ˜−1/4R˜−11/8. (15)
Equation (15) implies that our estimate of the critical bounc-
ing velocity (Equation 10) would need to be low by 4 to 5
orders of magnitude to allow the SI (i.e. St2 ≃ 1). Thus,
dust coagulation theory predicts that dry planetesimals will
not form.
2.5. Possible remedies
That prediction is at odds with evidence from the Solar Sys-
tem. One obvious remedy would be poor estimates of the
sticking parameters of dry silicates (Kimura et al. 2015), or of
the appropriate monomer size (Arakawa & Nakamoto 2016),
but Equation (15) makes it clear however how extreme those
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mis-estimates would need to be. Magnetic interactions could
also increase the sticking rates of dust grains, but Hubbard
(2016a) showed that the critical magnetic velocity is expected
to be well below the collisional velocity v0 fromEquation (11)
for St & 10−2, so magnetic interactions should die off well
before the SI can be triggered.
Fischer-Tropsch-like processes could have lead to the syn-
thesis of complex organic molecules within the Solar Neb-
ula (Hill & Nuth 2000; Flynn et al. 2013), depositing layers
of sticky organic solids on the dust (Kuga et al. 2015). Those
layers would have dramatically increased the dust’s sticki-
ness. However, the Earth is not merely dry, but also strongly
depleted in carbon. While the degree of that depletion is un-
certain, it seems likely that adding more than just a few mass
percent of chondritic material would oversupply the Earth’s
entire carbon budget (Marty et al. 2013), to say nothing of
even more strongly carbon rich organic gunk. Thus, any or-
ganic gunk model would need to demonstrate that it can op-
erate without oversuppling carbon. Indeed, if recent labo-
ratory work on catalyzing Fischer-Tropsch like processes is
confirmed (Nuth et al. 2016), models for the formation of the
Earth will likely need to explain the destruction of such lay-
ers!
Lucky grains, which undergo a series of low probability low
velocity sticking collisions, can grow significantly larger than
their more abundant staid counterparts, but numerical studies
have found that lucky grains are too rare to trigger planetes-
imal formation (Estrada et al. 2016). That also rules out im-
porting large dust grains from outside the frost line. Importing
sufficient numbers of fully formed planetesimals from outside
the frost line would allow planet formation to proceed, but
those planetesimals would need to accrete sufficient local dry
material to drop their bulk volatile abundances.
Thanks to the radial pressure gradient, planetesimals move
with a speed of about δv = 50ms−1 with respect to the lo-
cal gas and small scale dust (Equation 7). Assuming perfect,
purely geometric sweep-up of ambient dust, those planetesi-
mals would grow at a rate of about
∂ta =
ǫρg
4ρ•
δv ≃ 3
8
R˜−11/4 cm yr−1. (16)
Thus, purely geometrically accreting planetesimals will only
gain a few km of dry surface over a Myr, which seems un-
likely to sufficiently overwhelm their volatile rich core. Peb-
ble accretion could speed the process as long as the available
grains are comparable in size to chondrules (Johansen et al.
2015), but pebble accretion’s size sensitivity poses its own
difficulties.
3. HIGH TEMPERATURE DUST COLLISIONS
The purpose of this paper is to discuss how high temper-
atures could act as a mechanism for allowing dry dust to
trigger the SI. Dust grains collide and interact as liquids as
long as the temperature of the solids is above about 1100K
(Ciesla et al. 2004). In that regime, the grains are much stick-
ier and less prone to fragmentation as long as the grain sizes
are small enough and the temperature not too high. Such tem-
peratures are associated with sufficient thermal ionization of
potassium to allow for full MRI activity (Balbus & Hawley
1991; Gammie 1996); so we normalize through α2 ≡ α/0.01
for high temperatures. Boley et al. (2014) suggested that the
inner disk region hot enough to allow liquid grain collisions
could have seen direct dust coagulation to planetesimal sizes,
producing STIPs-like systems. However, as we will show,
molten collisions are not immune to bouncing and fragmenta-
tion.
3.1. Liquid bouncing and splashing
Highly viscous molten grains collide as solids, rather than
liquids. As long as those effectively solid grains are not ex-
tremely sticky (f ∼ 6.6 × 104, Equation 15), the bouncing
barrier remains in place at high viscosity. If the grains are
instead barely viscous, and too large for surface tension to
contain the collisional energy, they will splash upon collision.
The viscosity condition for colliding as liquids is (Ciesla et al.
2004; Hubbard 2015):
η . 6× 107
( a
cm
)( v
cm s−1
)
−1/5
P, (17)
where P stands for Poise, the cgs unit of dynamical viscosity.
While the condition for avoiding splashing is not certain,
from Jacquet & Thompson (2014) we have:
η & 4× 10−12
( a
cm
)3 ( v
cm s−1
)5
P, (18)
where we have assumed a surface tension of
400 dyn cm−1 (0.4Nm−1) for molten chondritic mate-
rial (Susa & Nakamoto 2002). Combining Equations (17)
and (18) we find the condition( a
cm
)( v
cm s−1
)2.6
< 4× 109 (19)
for there existing a viscosity for which liquid, non-splashing
collisions are possible.
At temperatures near T ≃ 103K, the thermal speed is ap-
proximately cs ≃ 2 × 105 cm s−1 and the turbulent collision
speed is about (Eq 11):
v ≃ 2
√
St× 104 cm s−1, (20)
where we have assumed α ∼ 10−2. In a Hayashi MMSN
(Hayashi 1981), with Σg = 1700 R˜
−1.5, assuming T ≃
103K, we can combine Equations (3), (4), (19), and (20) to
find the largest possible grain sizes:
aE . 5.7 R˜
−0.85 cm, (21)
aS . 6.3 R˜
0.54 cm, (22)
for the Epstein (dominant outwards of 0.93 au) and Stokes
(dominant inwards of 0.93 au) drag regimes, respectively.
Equations (21) and (22) imply largest possible Stokes num-
bers of
StE . 0.016 R˜
0.65, (23)
StS . 0.015 R˜
−0.42, (24)
respectively. Those sizes require viscosities of
ηE ≃ 7.7× 107R˜−0.9 P, (25)
ηS ≃ 8.5× 107R˜0.6 P, (26)
to reach. Thus, the liquid bouncing/fragmentation barriers
prevent growth to St≫ 10−2, with critical viscosities to reach
St ≃ 10−2 of η ∼ 5 − 10 × 107 P. The precise viscosities of
Solar Nebula solids are unknown, but those values would have
required temperatures near T = 103K (Hubbard 2015).
Being molten is not a panacea for the formation of ter-
restrial planets, and the collision of heated solids does not
4allow direct coagulation to St ≫ 10−2. However, it does
seem likely that temperatures in a relatively narrow range near
T ∼ 103K permit nearly perfect sticking up to St ∼ 10−2,
conspicuously the critical value for triggering the SI. Unfortu-
nately, we lack detailed laboratory experiments measuring the
effective viscosity of chondritic melts of centimeter grains at
the relevant temperatures, with thermal histories, and we lack
detailed zero-g, low pressure splashing experiments. That
limits how thoroughly molten grain growth can be modeled
beyond the simple estimates above.
3.2. Growth rates and comparison to radial drift
Neglecting bouncing and fragmentation, the growth rate of
a given dust grain is the same as sweep-up up to the details of
the velocity (Equation 16):
∂a
∂t
=
ǫρgv
4ρ•
. (27)
From Equations (3) and (4) we can see that the Stokes num-
ber’s quadratic dependence on a means that the Stokes num-
ber increases more rapidly in the Stokes drag regime, and
we need only consider the growth time scales in the Epstein
regime where
St =
√
π
8
aρ•ΩK
ρgvth
. (28)
gives the Stokes number at all altitudes.
Combining Equations (27) and (28) we find
∂St
∂t
=
√
π3
32
ǫ
(
v
vth
)
Orb−1 ≃ ǫ
(
v
vth
)
Orb−1. (29)
We can insert Equation (11) into Equation (29) to find
2
√
St(t) =
√
αǫ
t
Orb
+ 2
√
St(0). (30)
Neglecting St(0) we arrive at
St(t) ≃ αǫ
2
4
(
t
Orb
)2
= 2.25× 10−6 α2 ǫ˜2
(
t
Orb
)2
, (31)
or alternatively, the time to reach a given St is
t(St) ≃ 2
ǫ
√
St
α
Orb ≃ 671
ǫ˜
√
St2
α2
Orb, (32)
where we recall that α and St are both normalized to 10−2:
St2 = St/10
−2 and α2 = α/10
−2.
Comparing Equations (9) to (32) we find that dust growth
outpaces radial drift as long as
St <
[
αǫ2
16π2s2
R4
H4
]1/3
≃ 0.16α1/3
2
ǫ˜2/3R˜−1/3, (33)
Dust growth can outpace radial drift up to SI triggering dust
grain sizes for reasonable dust-to-gas mass ratios even for
modest turbulence and relatively thick disks.
4. SOURCES OF HEATING AND PLANETARY SYSTEM
ARCHITECTURE
4.1. Inner disk
Boley et al. (2014) proposed the inner disk, with T ∼
1500K, as a region where partially molten grains could co-
agulate well beyond the conventional bouncing and fragmen-
tation limits, envisioning coagulation up to planetesimal sizes.
As we showed in Section 3.1 though, new versions of the
bouncing and fragmentation barriers show up as dust grains
grow beyond about St ≃ 0.01. However, that approximate
Stokes number of St = 0.01 is sufficiently large to allow the
SI (Johansen et al. 2007) to trigger, albeit in a narrow radial
annulus where the temperature is modestly above T = 103K
and the corresponding viscosity of the molted grains several
times 107 P. That would naturally occur at aroundR = 0.1 au,
and the temperature range is particularly interesting as it is
close to the temperature required for sufficient thermal ioniza-
tion to allow MRI activity (Gammie 1996). Thus, the region
should occur near the inner edge of the dead zone, a location
theorized to concentrate dust particles (Lyra et al. 2009).
We have then the potential for rapid planetesimal formation
through the SI if that concentrated dust can be brought into
regions of the correct temperature. That would occur either if
those temperatures are the normal background temperature at
the edge of the dead zone, or through secular evolution of the
disk’s radial profile. Thus, the picture of Boley et al. (2014),
with terrestrial planetesimals forming in the hot inner disk,
survives in a modified fashion. Significantly, it can poten-
tially explain the recent observation of systems with tightly
spaced inner planets (or STIPs) representing a significant frac-
tion (more than 10%) of stellar systems.
4.2. FU Orionis type events
However, that inner disk picture is a poor match for the for-
mation of the Earth, and due to the large amount of migration
that would be required, Solar System like planetary architec-
tures in general. The Earth shows a smooth volatility depen-
dent depletion pattern across a broad condensation tempera-
ture range of T ∼ 700 − 1400K (Palme 2000; McDonough
2003), which is ill-fit by planetesimal formation in a nar-
row temperature range. Hubbard & Ebel (2014) put forth a
model to explain the Earth’s abundance pattern through time-
dependent heating and cooling from an FU Orionis type event
in the early Solar System (Hartmann & Kenyon 1996).
FU Orionis type events are dramatic, long lived ac-
cretion events, associated with luminosity increases of
4 − 6magnitudes and time scales of 50 − 100 yr
(Hartmann & Kenyon 1996; Green et al. 2016). FU Orionis
events (or FUors) can raise the temperature at Earth’s orbital
position to about 1350K (Hubbard & Ebel 2014), and drive
the frost line out to about 40 au (Cieza et al. 2016). An FUor
that strong would raise the temperature above 1000K out to
Mars’ orbit, while a weaker, 4 magnitude FUor would still
raise the temperature above 1000K out to about Venus’ or-
bit. A long lived, 100 yr life time FUor outburst can satisfy
the time scale constraint from Equation (32) out to a bit past
Earth’s orbit, while a 50 yr FUor would still satisfy Equa-
tion (32) out to Venus’. While the frequency of FU Orionis
events is not yet certain, statistics are consistent with a large
fraction of protoplanetary disks undergoing one or several FU
Orionis outbursts (Hartmann & Kenyon 1996).
We therefore propose that molten collisions during an FU
Orionis event were the solution to the bouncing and fragmen-
tation barriers for dry silicates at the locations of the terrestrial
planets in our Solar System. Thermal processing and molten
collisions could explain both the existence of dry planetesi-
mals at Earth’s position, and the Earth’s volatile abundance
trend (Hubbard & Ebel 2014). The scenario suggests an “in
situ” explanation for Mars’ small size (Chambers 2014): the
temperature and growth time scales required mean that the
mechanism ceases to operate somewhere between Earth and
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Mars’ orbital positions (see Equation 32), naturally reduc-
ing the number density of dry planetesimals beyond Earth’s
orbit. By cycling the temperature high enough to burn off
organic surface layers, the model would also help explain
why the Earth is carbon-poor even if carbon deposition is
expected (Marty et al. 2013; Nuth et al. 2016). In our pic-
ture, molten collisions and evaporation/recondensationmech-
anisms (Hubbard 2017), rather than conventional dust coagu-
lation, put the Solar System’s architecture in place very early
in the Solar Nebula’s existence. In addition to terrestrial plan-
ets, the duration and heating of an FUor leads to evapora-
tion/recondensation cycles that might have driven icy planet
formation in the outer disk (Hubbard 2017).
The briefer (up to a few year duration) accretion events as-
sociated with Ex Lupi and Exors in general (Herbig 2007) are
too brief for any given eruption to allow molten collisions to
drive significant growth far beyond the inner edge of the dead
zone, and are generally weaker than FUors. If Exors survive
as episodic accreters long enough to accumulate decades of
integrated outburst time, then they might drive intermittent
molten dust growth to SI triggering sizes. Note however that
dust drifts radially during quiescent periods as well as dur-
ing active ones, so the radial drift condition (Equations 33)
becomes more stringent.
5. DISCUSSION AND CONCLUSIONS
Thermal processing of dust and molten grain collisions at
T & 103K provides dry silicate dust a way past the bouncing
and fragmentation barriers (Zsom et al. 2010) to the Stream-
ing Instability (or SI), although it likely does not permit di-
rect coagulation to Stokes numbers St ≫ 10−2. Signifi-
cantly, most other mechanisms that have been proposed to
bypass those barriers that have not been ruled out by nu-
merical study (Estrada et al. 2016) are inconsistent with the
volatile abundances of the terrestrial planets in the Solar Sys-
tem (Flynn et al. 2013; Marty et al. 2013). This thermal pro-
cessing seems likely to take two forms depending on the host
disk dynamics, and those forms would set the planetary sys-
tem architecture in an in situ planet formation scenario.
The first form, suggested by Boley et al. (2014), appeals to
the inner disk where temperatures are naturally elevated. This
region is also attractive due to being close to the inner edge of
the dead zone, a location prone to concentrating solid material
(Lyra et al. 2009). This form is inconsistent with the compo-
sition of the Earth (Palme 2000; McDonough 2003), but is
attractive for explaining the systems with tightly spaced inner
planets (or STIPs) seen by Kepler in a large fraction of stellar
systems (Lissauer et al. 2011).
The second form appeals to the century scale
(Hartmann & Kenyon 1996; Green et al. 2016) heating
from an FU Orionis scale accretion event, which would
provide the required heating for the required time out to an
orbital location between Venus’ orbit and Mars’. The heating
time scale and resulting radial planetesimal distributionwould
be consistent with Earth’s composition (Hubbard & Ebel
2014) and with Mars’ small size (Chambers 2014); and
appeals to a process that we have proposed to promote the
formation of Jupiter and Saturn-like gas giants (Hubbard
2017). This suggests that stellar systems which hosted FU
Orionis outbursts would tend to host planetary systems like
our own, with full-sized dry terrestrial planets in an orbital
band extending from the inner edge of the dead zone into
the habitable zone. FUors naturally lead to planetesimal
formation through the inner habitable zone (Venus to Earth).
Mar’s size suggests that modestly sized planets can still form
too far out for immediate planetesimal formation via molten
grain collisions, fully populating the habitable zone with
planets. Thus, we next predict a planet gap extending from
the outskirts of the habitable zone to the frost line. Outside
the frost line, the accretion events would have trigged gas
giant formation.
The trigger mechanism(s) for FU Orionis scale accretion
events are not yet known, and given their long duty cycles,
those mechanism(s) will remain uncertain for the foreseeable
future. However, they appear to be order-unity events in pro-
tostellar evolution (Hartmann & Kenyon 1996), while STIPs
are order-unity outcomes of planet formation. If STIPs and
FU Orionis hosting systems are mutually exclusive, as we
have suggested, then FU Orionis mechanisms would have
to divide protostellar systems into two roughly even cat-
egories. This is not unreasonable: as an example, Hall
MRI (Balbus & Terquem 2001) depends on whether the back-
ground magnetic field is aligned with or anti-aligned with the
protoplanetary disk’s rotation. It is unclear which orienta-
tion would be more likely to lead to massive accretion events,
but numerical simulations suggest that the difference between
aligned and anti-aligned systems could easily determine the
fate of the disk (Bai 2014). The idea that planetary system
architectures may ultimately depend on something as innocu-
ous as the chance relative orientation of the ambient magnetic
field and their protoplanetary disk’s rotation is intriguing. Fu-
ture observations of the relative rates of planetary system ar-
chitectures will provide us with a new window on protoplane-
tary disk dynamics, including constraints on the trigger mech-
anism for massive accretion events.
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